The thermal width of heavy-quarkonium bound states in a quark-gluon plasma has been recently derived in an effective field theory approach. Two phenomena contribute to the width: the Landau damping phenomenon and the break-up of a colour-singlet bound state into a colour-octet heavy quark-antiquark pair by absorption of a thermal gluon. In the paper, we investigate the relation between the singlet-to-octet thermal break-up and the so-called gluo-dissociation, a mechanism for quarkonium dissociation widely used in phenomenological approaches. The gluo-dissociation thermal width is obtained by convoluting the gluon thermal distribution with the cross section of a gluon and a 1S quarkonium state to a colour octet quark-antiquark state in vacuum, a cross section that at leading order, but neglecting colour-octet effects, was computed long ago by Bhanot and Peskin. We will, first, show that the effective field theory framework provides a natural derivation of the gluo-dissociation factorization formula at leading order, which is, indeed, the singlet-to-octet thermal break-up expression. Second, the singlet-to-octet thermal break-up expression will allow us to improve the Bhanot-Peskin cross section by including the contribution of the octet potential, which amounts to include final-state interactions between the heavy quark and antiquark. Finally, we will quantify the effects due to finalstate interactions on the gluo-dissociation cross section and on the quarkonium thermal width.
Introduction
Quarkonium suppression has been suggested long ago as a hard probe of the medium produced in heavy-ion collisions [1] . This hypothesis has been widely investigated, both theoretically and experimentally, in the past 25 years [2, 3] . The early theoretical arguments were based on the expectation that above the deconfinement temperature the linear, confining part of the heavy quark-antiquark (QQ) potential would vanish and the Coulomb part at short distances would be replaced by a screened Yukawa (or Debye) potential that can support only a limited number of bound states. Since the screening (Debye) mass depends on the temperature, heavy-quarkonium states were thought to provide a thermometer of the medium.
In the last few years, significant progress has been made in deriving the heavy QQ potential from QCD in a rigorous and systematic way. The real-time static potential was first calculated for large temperatures, T 1/r > ∼ m D , where r is the quark-antiquark distance and m D is the Debye mass, in [4] [5] [6] [7] . For a wider range of temperatures, an effective field theory (EFT) study of nonrelativistic bound states at finite temperature has been carried out for QED in [8] [9] [10] and for QCD in [11] [12] [13] . Most importantly, in the same framework, also the quarkonium thermal width has been calculated. Two mechanisms, at least, have been identified as responsible for it: the Landau damping phenomenon [4] and the singlet-to-octet thermal break-up [11] . In the former, the virtual gluons that are exchanged between the QQ pair scatter off the light constituents of the medium, whereas in the latter the colour-singlet bound state absorbs a gluon from the medium and turns into a colour-octet state.
There exists, however, a large literature where the quarkonium behaviour in a medium is studied on a phenomenological basis (see e.g. [14] [15] [16] ). The thermal decay width is obtained by convoluting scattering cross sections computed at T = 0 with thermal distributions for the incoming light partons. At least two scattering processes have been considered: gluo-dissociation and quasi-free dissociation. It is then natural to ask, if and to what extent gluo-dissociation and quasi-free dissociation agree with the singlet-to-octet break-up and the Landau damping widths derived from EFTs.
In this letter, we will deal with gluo-dissociation [17, 18] (see [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] for some recent literature and [15, 16, 37] for reviews). The mechanism of quasi-free dissociation [38] and its relation with the EFT framework will be dealt with elsewhere [39] . The process underlying gluo-dissociation is the same that gives rise to the singlet-to-octet thermal break-up width in the EFT framework. The cross section for gluon absorption by a colour-singlet 1S state was computed in 1979 by Bhanot and Peskin (BP) in Refs. [40, 41] , where the contribution from the finalstate interactions was neglected by considering the large number of color, N c , limit. In the present work, we will (i) prove at leading order the factorization formula for quarkonium gluo-dissociation and establish under which conditions it holds, hence, show that the gluo-dissociation thermal width coincides with the singlet-to-octet thermal break-up width, (ii) improve the gluo-dissociation cross section by including the contribution of the octet potential, which amounts to include QQ final-state interactions, and, finally, (iii) assess quantitatively the effects due to final-state interactions on the gluo-dissociation cross section and on the thermal width.
The letter is organized in the following way. In the next section, we will recall some basics on gluo-dissociation. In Sec. 3, we will derive the gluo-dissociation factorization formula in an EFT framework, indeed showing that it coincides with the singlet-to-octet thermal break-up expression, first derived in [12] . We will also show that the gluo-dissociation cross section agrees with the BP cross section in the large N c limit. In Sec. 4, we will improve the BP cross section by including final-state interactions between the QQ pair in a colour-octet state. Finally, in Sec. 5, we will draw some conclusions. The results presented here are also part of the Ph.D. thesis [42] .
Gluo-dissociation
Gluo-dissociation stands for the process g+Φ(1S) → (QQ) 8 , where a quarkonium 1S state, Φ(1S), absorbs a gluon and becomes an unbound QQ pair in a colour-octet state, (QQ) 8 . In the literature, it has been assumed that convolving the in vacuum gluo-dissociation cross section, σ 1S , with the thermal distribution of the gluons provides the gluo-dissociation thermal width, Γ 1S .
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Specifically, one writes (see for instance Eq. (23) of [15] )
where n B (x) ≡ (e x/T − 1) −1 is the Bose-Einstein distribution, E 1S the binding energy of the quarkonium 1S state, and we have assumed the bound state and the bath to be at rest.
In [40, 41] , the gluo-dissociation cross section was calculated at leading order, under the following assumptions: (1) the quarkonium 1S state, Φ(1S), is Coulombic; (2) in an operator product expansion framework, the gluonquarkonium interaction is taken at leading order, which corresponds to a chromoelectric dipole interaction; (3) the (repulsive) octet potential is neglected, which is tantamount to neglecting final-state interactions. Theoretically the last assumption may be realized by taking the large-N c limit. In this limit, the colour-singlet Coulomb potential, i.e. the potential between a QQ pair in a colour-singlet configuration, which is (at leading order)
, whereas the colouroctet Coulomb potential, i.e. the potential between a QQ pair in a colouroctet configuration, which is V (2N c r) , vanishes. The large-N c limit also modifies the Bohr radius from a 0 = 2/(mC F α s ) to a BP = 4/(mN c α s ) = 4/(3mα s ) and the absolute value of the binding energy (at leading order) from 
We note that, in the above formula, an overall colour factor C F = 4/3 has been kept unexpanded when performing the large N c limit. We call Γ 1S,BP the corresponding gluo-dissociation thermal width. The cross section (2) is averaged over the 2 polarizations and the 8 colours of the initial gluon. Hence, when inserted in the decay width formula, Eq. (1), the Bhanot-Peskin cross section should be multiplied by a factor 16: σ 1S (|q|) ≈ 16 × σ 1S,BP (|q|). The factor is explicitly included in Eq. (4) of [28] and also the authors of [33] multiply the BP cross section by 16 when using Eq. (1). 
Effective field theory
The EFT approach is based on the hierarchies of non-relativistic and thermal scales typical of quarkonium in a quark-gluon plasma. The hierarchy of nonrelativistic scales follows from the fact that the heavy quark has a velocity in the centre-of-mass frame that is v 1; the hierarchy is then m mv mv 2 , where m is the heavy-quark mass, mv is the scale of the typical momentum transfer in or inverse radius of the bound state and mv 2 is the scale of the typical energy. For a Coulombic bound state, such as the bottomonium ground state likely is, it holds that mv ∼ mα s Λ QCD and also that E ∼ mα The relative size of non-relativistic and thermal scales depends on the medium and on the quarkonium state. In the following, we will adopt the hierarchy
which is meant to include also the regions mv
this last one is of less phenomenological impact for the thermal width is exponentially suppressed [11] . The hierarchy (3) is more general than the one analyzed in [12] , where we required mv ∼ mα s T mv 2 ∼ mα 2 s . It was argued in [43] that this hierarchy may be the relevant one for Υ(1S) produced in heavy-ion collisions at the LHC. 4 In [12] , the spectrum and width of quarkonia were computed up to order mα 5 s . EFTs suitable to describe quarkonium in a medium are constructed by subsequently integrating out high-energy scales in (3). Integrating out modes that scale like m and mα s leads respectively to non-relativistic QCD (NRQCD) [46, 47] and potential non-relativistic QCD (pNRQCD) [48, 49] . Since the temperature is much smaller than both m and mα s , it can be set to zero in the matching and both Lagrangians are the same as at zero temperature. The pNRQCD Lagrangian, in particular, reads
The fields S = S 1 c / √ N c and O = O a T a / √ T F are the QQ colour-singlet and colour-octet fields respectively, n f is the number of light quarks, q i , T F = 1/2, E is the chromoelectric field, iD 0 O = i∂ 0 O − gA 0 O + OgA 0 and H.c. stands for Hermitian conjugate. The trace is over colour and spin indices. Gluon fields depend only on the centre-of-mass coordinate and on time; this is a consequence of having multipole expanded the gluon fields in the quark-antiquark relative distance r. The dots in the last line stand for higher-order terms in r and 1/m. We note that, as in the BP approach, the leading gluon-quarkonium interaction is a chromoelectric dipole interaction.
The dependence on the scales m and mα s is encoded in the Wilson coefficients; V A and V B are at leading order V A = V B = 1, whereas the singlet and octet Hamiltonians have the form (p ≡ −i∇ r )
The dots stand for higher-order terms in the 1/m expansion. The first two terms in the right-hand side, which are the kinetic energy and the static potential, constitute the leading-order Hamiltonian. The singlet and octet leading-order Hamiltonians explicitly read
The spectrum of h (0) s is made by the (QCD) Bohr levels
, whereas the octet potential is repulsive and does not support bound states but a continuum of scattering states. Note that, in the non-relativistic EFT power counting, both the kinetic energy and the static potential scale like mα 2 s . Therefore, neglecting the octet potential, as done in the BP calculation, is a sensible approximation only in the large N c limit.
We now set out to compute the singlet-to-octet break-up amplitude and width within pNRQCD. We refer to [11, 12] for details regarding pNRQCD at finite temperature in the real-time formalism.
5 The singlet-to-octet break-up 5 Since we do not require here T mα 2 s , a difference with [12] is that we avoid integrating out T and constructing the intermediate EFT called pNRQCD HTL [50] . thermal width is given by the imaginary part of Fig. 1 . The amplitude Σ(E) of that diagram reads
where E is the energy of the incoming QQ singlet and the expression in square brackets is the thermal part of the chromoelectric correlator. Since T ∼ E m D , bare propagators can be used. The number of dimensions has been set to 4, the integral being convergent. Evaluating it yields for the imaginary part
The singlet-to-octet break-up width for the 1S state then reads ) exp(−r/a 0 ) is the Coulomb 1S wavefunction. The corresponding expression in the static limit was obtained in [11] and in QED, for the hydrogen atom, in [8] .
The difficulty in the evaluation of Eq. (9) lies in the Bose-Einstein distribution and in its nontrivial dependence on h (0) o . In Ref. [12] , having instead assumed T mα 2 s , we could expand the Bose-Einstein distribution as
The terms in the first line are the leading ones and are linear in the temperature. Without expanding the Bose-Einstein distribution, the matrix element in Eq. (9) can be evaluated analogously to how the QCD Bethe logarithms, which contribute to the quarkonium spectrum at order mα 5 s , have been dealt with in [52, 53] 
Inserting (11) into (9) gives
where we have used that
o and made explicit that 1S|r projects on a l = 1 state. Equation (12) provides, at leading order in the EFT power counting, the decay width associated to the quarkonium singlet-to-octet thermal break-up, which is the dominant decay process in the situation (3). Quarkonium singlet-to-octet break up describes, at the order we are working, the same process of quarkonium gluo-dissociation, and the thermal decay width (12) may be identified with the gluo-dissociation thermal width. In the following, we will show that Eq. (12) satisfies, indeed, the properties of the gluo-dissociation width presented in Sec. 2.
First, since the thermal decay width (12) is expressed as a convolution of the gluon Bose-Einstein distribution and a function of the gluon momentum, this proves, at leading order, the factorization formula (1). It also allows the identification
for |q| ≥ |E 1 |. We note that, in an alternative derivation, we could have made use of cutting rules at finite temperature [54] for the imaginary part of the diagram in Fig. 1 . This would have led again to the factorization formula (1) and to the identification of σ 1S with a T = 0 cross section. However, the factorization formula (1) is not expected to hold at higher orders.
consistent with lattice data in [51] .
Finally, in order to reproduce the BP gluo-dissociation cross section (2) from (13), we evaluate the dipole matrix element squared | 1S|r|p1 | 2 in the absence of the octet potential. This is tantamount to using plane waves for the octet wave functions: l x|pl pl|y = e ip·(x−y) . The matrix element squared then becomes the square of the derivative of the momentum-space wavefunction and reads
Plugging this into Eq. (13) and replacing E 1 → − 1,BP , C F = 4/3, we obtain
Equation (15) reproduces the BP cross section (2); as already discussed, the factor 16 accounts for the 2 polarizations and 8 colours of the gluon. Therefore, the EFT computation in the large-N c limit leads naturally to the BP factorization and cross section formulas for quarkonium gluo-dissociation in a medium. We now set out to include the octet potential in the calculation, thereby also quantifying the approximation introduced by neglecting it.
Colour-octet effects
The calculation of the dipole matrix element squared | 1S|r|p1 | 2 , when octet potential contributions are included, is more involved, and requires the explicit integration over the continuum octet wavefunctions. Coulombic wavefunctions in the continuum region |pll z can be found in [55] ; l = 1 octet wavefunctions |p1 can be found in [52, 53] . After correcting some typos, they read
where 1 F 1 is the confluent hypergeometric function, δ 1 is the l = 1 Coulomb phase and ρ ≡ 1/(N 2 c − 1). The matrix element squared is then
It is easily seen that the N c → ∞ (ρ → 0) limit of this equation gives back Eq. (14) . Plugging the matrix element into Eq. (13) yields
where t(|q|) ≡ |q|/|E 1 | − 1. The limit N c → ∞ (ρ → 0) gives back Eq. (15). In order to estimate the approximation introduced by ignoring the octet potential, in Fig. 2 , we plot with a continuous black line the exact cross section (19) and with a dashed red line the BP cross section (15) as functions of the gluon 7 The 2S cross section reads
momentum |q|. For a meaningful comparison, for the latter we have performed the substitution 1,BP → |E 1 |, which guarantees that the binding energies are the same in the two cases. The dotted blue line is the BP cross section (15) without this substitution, i.e. in terms of 1,BP , which shows a larger threshold and a smaller peak. In the inset plot, we show the ratio, σ 1S /(16 σ 1S,BP ), of the continuous black and dashed red curves: the horizontal dot-dashed line is the asymptotic value of (2 + ρ) 2 /4, which, for N c = 3, yields (17/16) 2 . In Fig. 3 , we plot the widths Γ 1S and Γ 1S,BP as a function of the temperature. They have been obtained by numerical integration of Eqs. (12) and (16) respectively. In the latter case, we perform the same substitution as above, i.e.
1,BP → |E 1 |. Γ 1S is the continuous black line, whereas Γ 1S,BP is the dashed red line. One clearly sees how the full result Γ 1S overpowers the old BP result in whole range T > ∼ |E 1 |, and how the two widths quickly reach an asymptotic linear regime for T |E 1 |, as predicted by the analytical result (10). For T < ∼ |E 1 | the two widths become exponentially small. The analytical, asymptotic expression of the full width Γ 1S for T |E 1 | is in Eq. (10) . In terms of ρ, it reads
In Fig. 4 , the width (20) for N c = 3 (ρ = 1/8), corresponding to the inclusion of the octet potential, is plotted as a dot-dashed black line. The corresponding 
is still larger than its large T asymptotic value by about a factor 2.7. In Fig. 5 , we plot the ratio Γ 1S /Γ 1S,BP , which also shows the deviation from the asymptotic limit of (17/16) 2 ≈ 1.13. Finally, we remark that our results are valid as long as mα s T (see Eq. (3)), which guarantees that the interaction of the bound state with the thermal gluons can be treated as a chromoelectric dipole. Therefore the regions of the plots where T /|E 1 | > ∼ 1/α s ≈ 5 are to be intended for illustration purposes only.
Conclusions
In this letter, we have shown that, under the scale hierarchy (3), the leading contribution to the thermal width of a quarkonium 1S state may be written as a convolution integral of the gluon distribution function and a cross section σ 1S , see Eq. (1). The underlying process is known as singlet-to-octet thermal breakup in the EFT literature and as quarkonium thermal gluo-dissociation in the phenomenological literature: a colour-singlet QQ state interacts with a gluon of the thermal bath and breaks up in an unbound colour-octet QQ pair. The cross section σ 1S can be identified with the in vacuum gluo-dissociation cross section. We have derived its explicit expression in Eq. (19) . This expression includes, for the first time, the contribution of the colour-octet potential, i.e. the finalstate interactions between the heavy quark and antiquark. We have shown that the gluo-dissociation cross section and decay width reduce to the well-known Bhanot-Peskin result if colour-octet effects are ignored, see Eqs. (15) and (16) . Under the condition T mα 2 s , the thermal decay width may be expanded to give back the singlet-to-octet break-up width calculated in [12] , see Eq. (10) .
The EFT framework, in which the factorization formula and the cross-section expression have been derived, makes clear the region of validity and the accuracy of the obtained results. They hold under the conditions mα s T , so that the interaction of the bound state with the gluons of the medium can be described by a chromoelectric dipole interaction, mα 2 s m D and T m D , so that, in first approximation, the thermal masses of the gluons can be neglected. The factorization holds at leading order in the EFT power counting. Beyond leading order, which includes contributions coming from hard thermal loop resummed gluon propagators, the simple convolution formula (1) will break down. The explicit expression of the gluo-dissociation cross section that we have presented, as well as the old Bhanot-Peskin expression, follows from the assumption that the QQ pair is weakly coupled so that the colour-singlet bound state and the colour-octet unbound quark-antiquark pair may be described in terms of Coulombic bound or scattering states respectively. This assumption is likely to hold only for the quarkonium ground state; for this reason, we have restricted our analysis to the dissociation of quarkonium 1S states, although an extension to quarkonium states with arbitrary quantum numbers would be straightforward (the cross section for an arbitrary state can be found making the substitutions E 1 → E n , 1S| → nll z | and |p1 → l |pl in Eq. (13), see footnote 7 for the explicit expression of the σ 2S cross section and Fig. 6 for the Γ 2S width). In view of this, we stress that phenomenological studies that make use of the Bhanot-Peskin gluo-dissociation formula, but fix the binding energy by some non-Coulombic model of the bound state, cannot be justified within QCD. The corresponding analytical result for T |E 2 |, as obtained in [12] , is plotted as a dot-dashed line.
The gluo-dissociation cross section is shown in Fig. 2 . The impact of the colour-octet effects is dramatic for gluon momenta, q, close to the threshold: the full cross section (19) falls off exponentially while the BP cross section (15) falls off like (|q| − 1,BP ) 3/2 . At larger gluon momenta, if the thresholds in both cross sections are chosen to be equal to |E 1 |, then for |q| = 2|E 1 | the full cross section is larger than the BP one by about 12% and for |q| = 5|E 1 | by about 22%. In the asymptotic high-momentum limit, the full cross section overshoots the BP one by about 13%. The thermal decay width is shown as a function of the temperature in Fig. 3 . Much larger temperatures than those plotted would likely violate the bound mα s T . At temperatures lower than the energy |E 1 | the full thermal width falls off faster than the BP one. For T = 0.3|E 1 |, the full width is smaller than the BP width by about 12%, while for T = |E 1 |, the full width is larger than the BP width by about 3% and for T = 5|E 1 | it is larger by about 11%. According to [43] , the region |E 1 | ≥ T ≥ 0.3|E 1 | may be of relevance for Υ(1S) produced in heavy-ion experiments at LHC.
Note added
While this paper was in the final writing up, a paper appeared [56] where the gluo-dissociation cross section in the presence of the octet potential was also obtained. The result is shown in Eq. (4) and for n = 1, after correcting some typos, agrees with our Eq. (19) .
